Objecti6e: Pulmonary artery banding remains a palliative option for patients with congenital heart disease and excessive pulmonary blood flow, if there is unfavourable anatomy or frail condition. In contrast to more developed countries, our patients at Red Cross Children's Hospital, Cape Town, often present to medical services late and in poor nutritional condition. We retrospectively reviewed patients undergoing pulmonary artery banding to determine major variables that influenced long-term outcome. Methods: In a 10-year period ending June 1992, 135 consecutive patients underwent pulmonary artery banding; 89 with ventricular septal defect type non-mixing disorders, and 46 with mixing or complex disorders. The median age was 3.0 months and weight 3.5 kg with 74.8% of patients weighing less than the third percentile (NCHS adapted), and 39.3% had an additional serious medical illness. Results: Pulmonary banding mortality was 8.1%, and was higher in neonates (22.2%, P = 0.04) but was not related to congenital disorder, associated medical illness, or associated coarctation or interrupted aortic arch. The pulmonary band was inadequate at follow-up in 28.9%, which occurred more commonly if banding was necessary before 3 months of age (41.5%, P=0.003) but was not related to weight, congenital disorder or associated respiratory infection. Sixty patients (44.4%) have now proceeded to definitive repair with a mortality of 23.3%, which was increased if the pulmonary band was inadequate at the time of definitive repair (44.4%; P =0.02), but was not related to the congenital disorder. Conclusions: An inadequate pulmonary artery band adversely affects outcome and demands further aggressive management prior to definitive repair.
Introduction
Pulmonary artery banding was introduced in 1952 as a surgical procedure for the treatment of congenital heart conditions having excessive pulmonary blood flow [15] . Today, pulmonary artery banding remains a useful form of palliative therapy in patients who cannot undergo definitive surgical repair at initial presentation, because of their medical condition or complexity of their congenital heart disorder [5] .
The current indications for pulmonary artery banding, results and potential complications have been well described [5, 10, 26] . This paper focuses attention on the haemodynamic results achieved or degree of adequacy of pulmonary artery banding as well as pulmonary banding-related complications of the right ventricular outflow tract and pulmonary arteries, and their influence on the outcome at subsequent definitive repair.
Patients and methods

Patient characteristics
We retrospectively reviewed the medical and surgical records of 135 consecutive patients who underwent pulmonary artery banding at Red Cross Children's Hospital, Cape Town, between July 1983 and June 1992 because of congenital heart disorders associated with excessive pulmonary blood flow. Two patients with simple transposition of the great arteries who underwent pulmonary artery banding in order to prepare the left ventricle for an arterial switch procedure were excluded.
Patients were divided into two diagnostic groups; Group I included 89 patients with ventricular septal defect-type non-mixing disorders (predominant left to right shunts); 61 of these patients had a diagnosis of multiple or muscular apical ventricular septal defects, or ventricular septal defect associated with coarctation of the aorta or interrupted aortic arch (Table 1) . Group II consisted of 46 patients with mixing or complex disorders where there is a potential for bi-directional shunts and where the endpoint of the banding procedure is different.
Eighty-six patients (63.7%) had other associated cardiac anomalies; these included patent ductus arteriosus in 73 patients (54.1%), coarctation of the aorta in 26 (19.3%) and atrial septal defect in 24 (17.8%).
The median age of the 135 patients at the time of banding was 3.0 months (range 0.1 -156 months; average 5.17 months) and the median weight was 3.5 kg (range 1.4-31 kg; average 4.25 kg). Patient weight was below the third percentile (NCHS adapted) in 101 patients (74.8%), and 43 patients (31.9%) weighed less than 60% of their expected weight. During the period of this paper the average age and weight tended to decrease; patients banded in the last 3 years had an average age of 2.59 months and weight of 3.65 kg, with 
Surgical procedure
Pulmonary artery banding was done through a left lateral thoracotomy in the majority of patients (79.3%). In 96.3% of patients the material used for banding was a flattened GoreTex ® (Gore, Flagstaff, AR) polytetrafluoroethylene tube graft (4 or 5 mm diameter) which was wrapped around, appropriately tightened, and fixed to the main pulmonary artery approximately 10-15 mm distal to the pulmonary valve. Distal pulmonary artery pressure, systemic arterial pressure, and transcutaneous oxygen saturation were monitored during the procedure. The objective at surgery was to decrease systolic pulmonary artery pressure either to normal (B30 mmHg) or to half of systolic arterial pressure without producing either bradycardia or excessive arterial oxygen desaturation (taken as oxygen saturation less than 85% in Group I or less than 80% in Group II). Pulmonary banding was usually associated with a concomitant increase of systolic arterial pressure of at least 10 mmHg. Systolic pulmonary arterial pressure was not monitored in a few of the initial patients in the study period; the objective at that time had been to decrease the diameter of the pulmonary artery by 50%. Additional surgical procedures (118) were done simultaneously with the pulmonary artery banding in 92 patients (68% of patients; Table 2 ).
Definition of adequacy of pulmonary artery banding
Postoperative assessment as to whether the pulmonary artery banding was 'adequate' was determined by the patients' clinical condition, haemodynamic data, and more recently by echocardiography findings. The pulmonary artery band was defined as 'inadequate' whenever there was persistence of refractory congestive cardiac failure (evaluated clinically), ineffective protection of the pulmonary circulation (systolic pulmonary arterial pressure greater than 45 mmHg at follow-up), or if there was excessive symptomatic oxygen desaturation (below 85% in Group I or below 80% in Group II). 
Results
A major reason for selecting palliative surgery in Group I patients was the presence of an additional serious medical illness (pneumonia, marasmus or major non-cardiac malformation); present in 45 patients of Group I (50.6%) and 8 patients of Group II (17.4%; P= 0.0004).
The overall hospital mortality for the 135 patients undergoing palliative pulmonary artery banding was 8.1% (11 patients; nine deaths at initial pulmonary banding and two deaths at rebanding in the same hospital admission (Fig. 1) ). A higher mortality was noted in neonates (22.2%) as opposed to older children (6.2%); P=0.04. However, mortality could not be related to grouping, the presence of an additional serious medical illness, the need for repair of aortic coarctation, interrupted aortic arch, or atrial septectomy (Table 3) .
Survivors (117) of the initial banding procedure were available for follow-up, as nine patients were lost to follow-up ( Fig. 1 ). Seventeen patients (12.6%) had revision pulmonary banding either in the same hospital admission (n=14) or in a subsequent admission, be- Table 3 Risk factors for hospital mortality for pulmonary artery banding in 135 patients, with an overall mortality of 8.1%.
Risk factors
n Mortality cause the pulmonary band was too 'loose' (n=13) or too 'tight' (n= 4).
Ten patients (7.4%) died during follow-up before undergoing definitive repair, a mean of 9.5 months after palliation. Five of these patients died from cardiac causes and four of these cardiac deaths were in retrospect probably due to an inadequate pulmonary artery band; one patient with double inlet ventricle, one with double inlet ventricle associated with an atrioventricular septal defect, one with double outlet right ventricle and one truncus arteriosus, who developed severe pulmonary hypertension. Four patients are not suitable for a final definitive repair, i.e. inoperable; two patients with severe pulmonary vascular disease prior to banding who are considered inoperable and two patients with adequate bands are not suitable for definitive repair because of severe neurological damage following a perioperative cardiac arrest.
Two patients with double inlet ventricle who developed severe subaortic stenosis which we did not consider to be a complication of pulmonary artery banding, were managed either by enlarging the bulboventricular foramen or with removal of the pulmonary band combined with a Damus-Kaye-Stansel procedure. Both these patients are awaiting further final definitive reparative surgery.
To date, sixty patients have had a final definitive repair of their underlying congenital cardiac defect, and 41 patients are awaiting their final definitive repair. 
Inadequate pulmonary artery banding
Postoperatively, an inadequate pulmonary artery band was present in 39 of the 135 patients who underwent pulmonary banding at Red Cross Children's Hospital (28.9%), assessed either in the initial hospital admission or during the follow-up period. Included in this group are all patients who needed repeat banding (n=17), patients with inadequate bands who died during the follow-up period (n =4; as previously discussed), and patients who underwent early definitive repair because of an inadequate pulmonary band (n = 18). An inadequate pulmonary artery band could be related to earlier age of palliation (P = 0.003), but was not related to patient weight, grouping or the presence of respiratory infection at the time of banding (Table  4) . A loose band was the most common cause for an inadequate pulmonary band postoperatively (n= 13). The intraoperative post-banding systolic pulmonary arterial pressure in the group of patients shown later to have a 'loose pulmonary artery band' was 33.59 8.2 mmHg which was no different to that in the group of patients shown later to have an 'adequate pulmonary artery band' (32.2 99.2 mmHg). Noteworthy are the 20 patients with ventricular septal defects and aortic coarctation in Group I who had a 40% incidence of postoperative inadequate pulmonary artery bands, and the 5 patients with truncus arteriosus in Group II who had a 40% incidence of inadequate pulmonary banding.
Pulmonary artery band-related late complications
Pulmonary artery band-related right ventricular outflow tract or pulmonary artery complications were present in 8 patients (13.3% of patients undergoing definitive repair) at the time of debanding. These included six cases of obstruction of one or both pulmonary arteries, one case of infundibular stenosis, and one case of erosion of the main pulmonary artery by the GoreTex ® band. Only one of these patients had an excessively tight pulmonary artery band. The duration of banding in these patients was similar to patients without pulmonary artery band-related complications (22.39 22.1 versus 22.39 18.1 months, respectively). Pulmonary artery band-related complications were repaired at the definitive surgical procedure by patching the pulmonary artery or its branches in seven patients, and a right ventricular infundibulectomy in one patient. These were the only patients who underwent patch widening of their pulmonary arteries at removal of their bands, in all other patients the band was simply removed.
Definiti6e repair
The overall mortality of the sixty patients who have had definitive repair to date was 23.3%. Mortality at definitive repair was not related to grouping (mortality of 42 Group I patients was 23.8 versus 22.2% in 18 Group II patients) or to complications of the right ventricular outflow tract or pulmonary artery, but was related to the haemodynamic adequacy of the pulmonary artery band at the time of definitive repair (Table 5) . Although the mortality of the 8 patients with right ventricular outflow tract or pulmonary artery complications (37.5 as opposed to 21.1%, respectively) did not attain significance, it is our opinion that technical difficulties encountered during the repair of the right ventricular outflow tract or pulmonary artery in one patient did contribute to the fatal outcome.
An adequate pulmonary artery band at the time of definitive repair was associated with a lower mortality (14.3%) compared to the group of patients with an inadequate pulmonary artery band (44.4%; P=0.02). The group of 18 patients in whom the band was either too 'loose' (n= 16) or too 'tight' (n= 2) at the time of definitive repair, had a shorter duration of banding (P=0.0002) and the definitive surgical repair done at a younger age (P=0.0004; Table 5 ). In addition, the 'inadequately banded' patients also had a negative weight evolution when compared with the group of 42 patients who had an adequate pulmonary artery band at the time of repair ( Table 5 ). The small group of 10 patients with an adequate pulmonary artery band, but only after rebanding (Fig. 1) , who had an average age of 27.1924.7 months, duration of palliation of 24.79 9.8 months had an operative mortality at definitive repair of 20%. This mortality was not dissimilar to the 12.5% mortality of the other 32 adequately banded patients who underwent definitive repair despite a persistent poor weight gain (70% versus 34.4% below the third percentile respectively; P=0.05). 
Discussion
The role of palliative pulmonary artery banding in the treatment of congenital heart disorders having excessive pulmonary blood flow is more restricted nowadays, because of the limitations of the procedure itself as well as the evolution of definitive surgical repairs for these disorders. Pulmonary artery banding exposes the patient to the combined risks and complications of a palliative procedure as well as the definitive repair, [5, 9] and may provide both inadequate protection of the pulmonary vascular bed as well as cause adverse myocardial effects that can increase the risks for a subsequent Fontan-type procedure [8, 20] . Current indications for pulmonary artery banding are well described with a clear consensus for certain conditions and obvious trends in management in others [5, 6, 11] . For example, primary repair is the treatment of choice for patients with simple non-muscular ventricular septal defects and truncus arteriosus, [2, 17] whilst apical muscular or multiple ventricular septal defects and double outlet right ventricle with unfavourable anatomy remain indications for initial palliation with pulmonary artery banding [5, 18] . There is though, a clear trend towards primary repair of ventricular septal defects with aortic coarctation or interrupted aortic arch and atrioventricular septal defects, [9, 22, 27 ] though palliation remains an option in certain subsets of patients with unfavourable anatomy or frail condition [3, 28] . More complex mixing disorders like transposition of the great arteries with ventricular septal defect and Taussig-Bing double outlet right ventricle are also now undergoing primary repair in many units [19, 21] . However, certain subsets of double inlet ventricle and tricuspid atresia with increased pulmonary blood flow still require pulmonary artery banding to protect their pulmonary vasculature prior to eventual Fontan-type repair [20] . Pulmonary artery banding is also used to 'prepare' the left ventricle in patients with simple transposition of the great arteries who did not have an arterial switch procedure in the first few weeks of life [7] , or in patients with a previous atrial switch and evolving right ventricular failure prior to an arterial switch procedure [14] .
In our series, a number of patients with non-mixing disorders had pulmonary artery banding, for two reasons. Firstly, in contrast to the Western world, many of our patients initially present to medical services severely underweight and in poor nutritional condition; a major additional illness was present in 50.6% of our patients at presentation, and was the reason for selecting a palliative procedure in many otherwise correctable cases. Secondly, the evolution of surgical techniques and increased local experience during the study period (1983-1992) also influenced the management, in particular atrioventricular septal defects and ventricular septal defects with aortic coarctation where we now also advocate primary repair.
Hospital mortality for pulmonary artery banding in our study was 8.1% (4.8% in the last 3 years) which is similar to the improved results observed in other series in spite of increasingly complex defects and poor physical condition of these children [5, 6, 11] . Risk factors associated with a higher mortality are difficult to identify, because of improving results and changing indications for pulmonary artery banding. In our series, mortality was increased in children less than 1 month of age, but was not higher in patients with more complex mixing disorders, associated medical illness, aortic coarctation or interrupted aortic arch repair. Previous studies have considered young age, [24] the presence of a complex mixing disorder, [1, 11, 24] and the association of patent ductus and aortic coarctation, [1, 24] as risk factors for operative mortality. However, Le Blanc et al., [11] did not observe increased mortality in their recent experience with children less than 8 weeks or if there was an associate aortic coarctation and Kron et al. observed better results with 'single ventricle' physiology [10] .
The incidence of right ventricular outflow tract or pulmonary artery complications consequent to pulmonary artery banding in our series was 13.3%, which compares favourably with other series [12, 13, 26] . Complications involving the right ventricular outflow tract or pulmonary artery include infundibular stenosis, pulmonary artery dysplasia or stenosis, stricture or erosion of the main pulmonary artery, pulmonary artery band migration with occlusion of the pulmonary arteries and pseudo-aneurysm formation with or without infection, [5, 8] and influence the debanding procedure at definitive repair. Various factors are thought to contribute to these problems, such as positioning and fixation of the band, the type of material used, the degree of constriction and duration of banding [5, 10, 26] . Avoidance of sliding (e.g. silastic) or erosive (e.g. silk) materials, decrease but do not eliminate this problem [5, 10, 26] . Our results confirm that the material (Goretex tube), with appropriate positioning (approximately 15 mm distal to the pulmonary valve) and routine fixation to the pulmonary artery, was associated with an acceptable low incidence of complications. In addition, as in other series, the need to repair the right ventricular outflow tract or pulmonary artery was not associated with an increased mortality at the definitive procedure, [11] and we did not need to repeat the repair of this complication as observed by others [9] .
The pulmonary artery band was inadequate in 28.9% of our patients and we identified early age (B 3 months) as a risk factor; whereas the complexity of the underlying disorder, presence of respiratory infection, and intraoperative post-banding systolic pulmonary arterial pressure were not identifiable risk factors. Other groups, however, do suggest that cardiovascular or respiratory lability or failure, as a result of perinatal age and mixing disorders or respiratory infections, are associated with an increased risk of inadequate pulmonary artery bands [4, 16] . Well explained by Utley, is the lack of association of the intraoperative post-banding systolic pulmonary arterial pressure with the eventual haemodynamic adequacy of the pulmonary artery band. This does not, however, mean that the concept of banding to an adequate systolic pulmonary arterial pressure intraoperatively is inappropriate [25] . Since pulmonary artery banding techniques and the criteria for determining the adequacy of banding vary widely and are often unclear, the incidence of inadequate banding varies from 4-44%, [1, 12, 13] and may well be under reported.
A haemodynamically inadequate pulmonary artery band detrimentally influenced the outcome in our patients at the time of definitive repair; 44.4% of patients with an inadequate band died, compared with 14.3% of patients with an adequate band. Mortality at definitive repair was not related to complexity of the disorder or presence of right ventricular outflow tract or pulmonary artery complications. We thus identified a high risk group of patients who were banded at a young age and had little or no benefit from the procedure, presenting for definitive surgery with an inadequate pulmonary artery band soon after palliation. In addition, four of the five patients who had a cardiac cause of death during the follow-up period after pulmonary artery banding had an inadequate pulmonary artery band.
This paper highlights the need to address the problem of inadequate pulmonary artery bands. Patients undergoing pulmonary artery banding are dependent on the effectiveness of the procedure in order to reach an appropriate clinical condition or age, to enable them to undergo a successful definitive repair. However, intraoperative criteria cannot guarantee the adequacy of the pulmonary artery banding procedure. Postoperatively, a poorly protected pulmonary circulation, excessive desaturation or congestive cardiac failure as a result of an inadequate band precludes late successful outcome. Accurate assessment of the banding by clinical and echocardiographic means and even by invasive study if necessary is therefore essential postoperatively, to ensure appropriate management of an inadequate band without delay. If a patient with an inadequate band is identified there are then two surgical options; definitive repair of the cardiac disorder if reasons for a staged procedure no longer apply or revision pulmonary banding. In our series, those who were rebanded had an outcome not dissimilar from patients with an initially adequate pulmonary artery band. Consideration should also be given to using an adjustable band, particularly in the group of patients requiring pulmonary artery banding at an early age with unstable medical conditions or changeable haemodynamics. Several ingenious mechanisms for adjustable bands have been described, but published clinical experience is scarce [4, 16, 23] . In conclusion, banding of the pulmonary artery still has a place in the treatment of congenital heart disease where there is excessive pulmonary blood flow. The major complication of the procedure is a haemodynamically inadequate band at follow-up, despite careful intraoperative assessment at the time of banding. An inadequate band adversely influences the eventual outcome of these patients, and demands aggressive assessment and management.
